Francisella tularensis type A is the primary cause of tularemia in animals and humans in North America. The majority of research on F. tularensis has been done with the attenuated live vaccine strain (LVS), which is a type B, but very few wild-type F. tularensis strains have been characterized. A gram-negative coccobacillus that was isolated in pure culture from the lungs of a cat that died after being lost for 5 days was received for identification at the Virginia-Maryland Regional College of Veterinary Medicine Teaching hospital. The isolate (strain TI0902) was not identified (or was misidentified) by commercial identification systems; however, it was identified as F. tularensis subspecies tularensis (type A) by sequencing a portion of the 16S ribosomal RNA gene. Furthermore, repetitive extragenic palindromic sequences-polymerase chain reaction amplified a 4-kb DNA fragment from TI0902 that was characteristic of F. tularensis type A but not type B. The electrophoretic profile of the lipopolysaccharide of strain TI0902 was identical to that of the LVS by Western blotting with antiserum to LVS. The protein-enriched outer membrane of strain TI0902 contained 6-8 proteins, which were similar in molecular size to those from the LVS. Electron microscopy of negatively stained and alcian blue-stained LVS and TI0902 cells showed that both strains were coccobacillary in shape and may be encapsulated. However, after mouse challenge, the TI0902 strain was clearly more virulent than the LVS strain. Results of this study indicate that the genotype and phenotype of wild-type F. tularensis type A strain TI0902 is similar, but not identical, to that of the LVS strain. Further studies will help determine whether pathogenesis and host-pathogen interactions are also similar between the 2 strains.
Introduction
Francisella tularensis is the etiologic agent of tularemia in animals and can be transmitted to humans as a zoonoses or through arthropod vectors. During the past decade the average incidence of naturally occurring tularemia in humans in the United States, which usually presents as an ulceroglandular disease, was 100-200 cases/year. 7 However, primary pneumonic tularemia may also occur. This was the case during an outbreak of tularemia in Martha's Vineyard, Massachusetts, in 2000. 12 The primary risk factor in these cases was use of a lawn mower or brush cutter. Francisella tularensis is considered a class A bioterrorism agent by the Centers for Disease Control and Prevention, Atlanta, Georgia, because it is highly virulent, the infectious dose is as few as 10 organisms, and it is capable of surviving for prolonged periods in the environment and in water. Pneumonic tularemia resulting from an act of bioterrorism is therefore of primary concern. The genus Francisella is currently divided into 2 species: F. tularensis and F. philomiragia. Francisella philomiragia is relatively rare, associated with water, and less virulent than F. tularensis. 24 Francisella tularensis is further divided into 4 subspecies: subspecies tularensis (type A), subspecies holarctica (also known as subspecies palaearctica; type B), subspecies mediaasiatica, and subspecies novicida. The subspecies mediaasiatica has thus far been recovered only in central Asia, and subspecies novicida is less virulent and less fastidious than the other subspecies. The majority of research on F. tularensis has been done with the live vaccine strain (LVS), which is attenuated and belongs to subspecies holarctica (type B). In contrast, subspecies tularensis (type A) is more virulent, is the primary subspecies considered to be a threat as a bioterrorist agent, and is more common in wildlife in North America.
The incidence of tularemia in humans is known because the disease is reported to health authorities; however, the incidence of disease in animals, particularly wild animals that serve as the reservoir for this agent, is not well known. Francisella tularensis may infect a wide variety of vertebrate and invertebrate hosts, most notably lagomorphs (such as hares and rabbits) and rodents (such as voles, muskrats, and beavers). Fatal and nonfatal cases of tularemia in cats in North America due to both subspecies tularensis and holarctica have also been reported. 2, 6, 9, 19, 30 In addition, cats have occasionally been implicated in transmission of F. tularensis to humans. 1, 5, 21, 26 There has been inadequate characterization of feline isolates of F. tularensis at the biochemical and molecular level. In this report the characterization of an isolate of F. tularensis recovered from a domestic cat in Virginia is described.
Materials and methods
Tissue specimens and bacterial cultures. Tissue specimens were submitted to the Virginia Department of Agriculture and Consumer Services Animal Health Laboratory in Lynchburg for diagnostic workup. Tissue samples were collected for culture and also for histopathology. Unidentified bacteria recovered from tissue specimens were submitted to the clinical microbiology laboratory at the Virginia-Maryland Regional College of Veterinary Medicine Teaching Hospital, Blacksburg, Virginia. Live bacteria were handled in a Class II biosafety cabinet in the Center for Molecular Medicine and Infectious Diseases BSL-3 laboratory following standard procedures. 23 If bacteria were removed from the BSL-3 laboratory, they were first inactivated by heating at 65 C for 1 hr, by incubating in 1% formalin overnight at 4 C, or by irradiation at 6,600 rads/min ϫ 60 min using a model 109 Cobalt source gamma irradiator. a Bacteria were confirmed to be nonviable by culture on cysteine heart infusion (CHI) agar for 48 hr at 37 C before removal from the BSL-3 laboratory. The LVS of F. tularensis subspecies holarctica (type B) b was analyzed for comparative purposes. Bacteria were grown on CHI agar or Chamberlin defined medium at 37 C in ambient atmosphere until colonies were well formed on agar or to late log phase in broth.
Metabolic analyses. A metabolic profile of the use or oxidation of 96 carbon sources was determined for each strain using the Biolog GN2 microplate, as described by the manufacturer. c Serum and latex agglutination assay. Antiserum to killed LVS was raised in a New Zealand white rabbit d by subcutaneous immunization at several sites with 10 7 formalinkilled cells (determined before killing by viable plate count) mixed 1:1 in Freund complete adjuvant. Two weeks later, the immunization was repeated with 10 7 formalin-killed cells in Freund incomplete adjuvant. Two weeks after this injection, the rabbit was immunized intravenously with 10 6 , 2.5 ϫ 10 6 , and 5 ϫ 10 6 heat-killed cells at weekly intervals and thereafter with 5 ϫ 10 6 cells weekly until hyperimmune serum (enzyme-linked immunosorbent assay titer greater than 1:6,400) was obtained. Slide agglutination was done by mixing a turbid suspension of killed bacteria with 5 l of serum and rotating the slide. Rapid agglutination of the cells was considered a positive reaction. The IgG component of the serum was isolated by protein A/G affinity chromatography and conjugated to carboxylated latex particles as previously described. 14 Twenty-five microliters of cell suspension adjusted to a McFarland density of 0.5 (optical density at 600 nm) was mixed with 10 l of sensitized latex particles and the slide rotated for up to 1 min. Agglutination was scored as 0 (negative reaction) to 4ϩ (rapid and complete agglutination). 14 Lipopolysaccharide and protein-enriched outer membrane extraction. Lipopolysaccharide (LPS) was purified by aqueous phenol extraction and ultracentrifugation of the aqueous phase from whole, killed cells. 28 Protein-enriched outer membranes were prepared by sonication of irradiated cells, ultracentrifugation at 100,000 ϫ g for 60 min, extraction with 2% N-lauryl sarcosine (sodium salt) or 2% Triton X-100 to solubilize inner membranes, followed by ultracentrifugation at 100,000 ϫ g for 60 min to pellet outer membranes. 3, 20 Electrophoretic analysis. Lipopolysaccharide and membrane proteins were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) on 10% gels. 17 Proteins were identified by Coomassie blue staining. 17 Lipopolysaccharide was analyzed by Western blotting 15 with rabbit antiserum to LVS.
Electron microscopy. Francisella tularensis was examined by electron microscopy at 25,000ϫ using negative staining with phosphotungstic acid. The bacteria were grown for 48 hr on Chamberlin agar, then scraped off plates, and suspended to about 10 9 cells/ml as determined photometrically. The cells were fixed with 3% glutaraldehyde in 0.075 M sodium cacodylate, pH 7.4 (and 1% alcian blue 8GX for some samples), for 2.5 hr at room temperature by end-overend mixing. The cells were then washed for 1.5 hr with 4 changes of 0.2 M sucrose in 0.075 M sodium cacodylate buffer.
Deoxyribonucleic acid analysis. Broad-range polymerase chain reaction (PCR) primers were designed e to amplify a 675-bp variable region of the 16S ribosomal RNA (rRNA) gene. 27, 29 The forward primer was 8FPL (5Ј-GCGGA-TCCGCGGCCGCTGCAGAGTTTGATCCTGGCTCAG-3Ј), and the reverse primer was 806R (5Ј-GCGGA-TCCGCGGCCGCGGACTACCAGGGTATCTAAT-3Ј). 22 The DNA sequence of the amplified fragment was determined at the DNA sequencing core facility at The Virginia Bioinformatics Institute at Virginia Polytechnic Institute and State University, Blacksburg, Virginia. Primers REP1R-1 and REP2-1 f,25 specific for repetitive extragenic palindromic sequences (REP) were used for amplification and analysis of DNA fragments from strains LVS and TI0902 for subspecies identification. 16 Mouse challenge. Five BALB/c mice g were challenged intraperitoneally with 120 colony-forming units (CFU) of strain LVS, and 5 mice were challenged with 74 CFU of strain TI0902. The mice were monitored for up to 5 days. Voided urine cultures were also collected and inoculated to CHI agar using a 10-l calibrated loop. Mice were maintained in the nonclient animal facility at Virginia Tech, which is operated in accordance with requirements of the American Association for Accreditation of Laboratory Animal Care. All animal procedures were approved by the Virginia Tech Animal Care Committee, which is in federal compliance for the humane treatment and care of animals.
Results
Case report. A 4-year-old, domestic female cat was missing from its home in central Virginia for 5 days. The cat was found by its owner comatose and unresponsive. On initial examination, the cat demonstrated some seizure activity and was in kidney failure, and a complete blood count showed increased leukocytes. The animal was initially considered suspect for rabies infection. Shortly after admission to the Animal Emergency Clinic in Lexington, Virginia, the cat vomited, seizured, and died.
Histopathology. On light microscopic examination, there was necrosuppurative lymphadenitis with multifocal, diffuse lymphocytic depletion in the lymph nodes. The lungs had necrotizing, suppurative pneumonia with fibrin deposition and early bronchial abscess formation. The kidneys had mild, multifocal renal tubular epithelial cell mineralization, and the liver had minimal focal hepatocellular necrosis. The heart was normal except for the presence of a single protozoan cyst. The most severe lesions were in the lungs and lymph nodes. However, Gomori methenamine silver staining was unable to clearly demonstrate an etiologic agent.
Microbiology. The omentum and lung specimens were negative for feline infectious peritonitis virus; brain samples were negative for rabies. A fecal flotation assay demonstrated a mild infection with Taenia spp. and Toxascaris spp., which were considered insignificant. Bacteriology cultures of the kidney and bladder resulted in heavy growth of Enterococcus spp. and light growth of Escherichia coli. Culture of the liver resulted in heavy growth of Enterococcus faecalis only. Because of the carcass condition of the cat at the time of necropsy, these bacterial isolates were not considered highly significant. Culture of the lung resulted in the growth of large numbers of faint, pinpoint colonies on Columbia blood agar under 5% CO 2 in relatively pure culture. However, on subculture the isolate did not grow at all on blood agar but grew well on chocolate agar under CO 2 . A Gram stain preparation showed that the organism was a Gram-negative coccobacillus that was oxidase negative and indole negative, with a questionable or weakly positive catalase reaction. The bacterium was nonreactive in API-20E and API-20NE strips. h The Sensititre GN identification panel i identified the isolate as Moraxella osloensis (61%), which was discounted, and the Biolog system c identified it as F. philomiragia (F. tularensis is not in the standard Biolog database). The bacterium was identified as F. tularensis subspecies tularensis (type A) by PCR and sequencing of a portion of the 16S rRNA gene. 22 This isolate will henceforth be described as strain TI0902.
Metabolic fingerprint. The positive results of carbon source use obtained with the Biolog GN microplate for strains TI0902 and LVS are shown in Table  1 . Wild-type strain TI0902 grew faster on culture medium and grew to a higher density than the LVS in the GN microplates. Poor growth in the GN microplates resulted in only weak positive reactions by the LVS strain, and some negative reactions may have been attributed to poor growth. Although glycerol use by type A strains and nontype B strains is well documented, it was noted that only strain TI0902 used L-alanine, Lasparagine, and L-serine. However, only the LVS used N-acetyl-glucosamine, lactulose, ␣-hydroxybutyric acid, and D-mannitol.
Seroagglutination testing. Strain TI0902 was agglutinated by antiserum to LVS by slide agglutination (not shown) and by latex agglutination (Fig. 1 ). Agglutination was rapid and complete (4ϩ), indicating that type A strain TI0902 could not be differentiated from the type B LVS by antiserum to whole cells.
Lipopolysaccharide and protein electrophoretic profiles. Francisella tularensis LPS cannot be stained in polyacrylamide gels with ammoniacal silver 8 or in combination with alcian blue (results not shown). Therefore, Western blotting was used to observe the LPS of the LVS and strain TI0902 and assess antigenic similarity (Fig. 2) . The profiles were identical, and LPS from TI0902 was equally reactive with antiserum to the LVS. However, the predominant reactivity was with the highest molecular size bands, with little or no reactivity with low-molecular size LPS.
Protein-enriched outer membranes were prepared by sodium sarcosine extraction of total membranes (Fig.  3, lanes 2 and 3) or Triton X-100 extraction (Fig. 3 , lanes 4 and 5) of strain LVS (lanes 2 and 4) or strain TI0902 (lanes 3 and 5). More proteins were visible by Triton X-100 extraction than by sarcosine extraction, particularly a protein of about 58 kD. However, a protein doublet of about 37 kD was enriched by sarcosine extraction. The majority of proteins were of low-molecular size, and though the electrophoretic profiles were similar, proteins of about 105, 58, and 37 kD from strain TI0902 were slightly greater in molecular size than those from the LVS.
Electron microscopy. Figure 4 is an electron micrograph of negatively stained strains LVS (A) and TI0902 (B). Both strains were predominately coccobacilli, although bacillus-shaped forms were also noted (not shown). Note the lighter-staining peripheral material from both strains that appears to be in the form of strands. Figure 5 is an electron micrograph of strains LVS (A) and TI0902 (B) stained with alcian blue. Alcian blue stains negatively charged carbohydrate material. Note the darker-staining surface of the cells. Agglutination of latex particles coated with antibodies to the LVS. IgG from hyperimmune rabbit serum was covalently conjugated to carboxylate latex particles, which were then mixed with saline (left) or Francisella tularensis strain TI0902 (right). These results show that antibodies to LVS cross-react with type A strains, and that sensitized latex particles can be used as a rapid test for identification of cultured F. tularensis.
Deoxyribonucleic acid analysis.
A 675-bp hypervariable region of the 16S rRNA gene from strain TI0902 was amplified by PCR and sequenced. The resulting DNA similarity score of this fragment was 0.961 with F. tularensis strain 19 (type A) and 0.951 with both strains Schu4 (type A) and LVS. The highest similarity score to a strain of subspecies novicida was 0.898. The REP-PCR profile of strain TI0902 compared with that of the LVS is shown in Fig. 6 . The predominance of the distinctive 4-kb band clearly identifies strain TI0902 as subspecies tularensis and differentiates it from subspecies holarctica (LVS) 16 .
Mouse challenge. Twenty-four hours postinoculation (PI), all mice inoculated with either strain TI0902 or the LVS appeared to be clinically normal. However, 40-48 hours PI, all the strain TI0902-infected mice appeared lethargic and moribund. Their fur was ruffled, and they were inactive. All mice challenged with LVS continued to appear clinically normal at this time. Between 48 and 72 hours PI, 4 of 5 mice inoculated with strain TI0902 had died, whereas all mice challenged with the LVS continued to appear healthy. At 96 hours PI, all mice challenged with LVS appeared slightly moribund. There was no further change in their clinical appearance until 6 days after challenge, by which time 3 mice challenged with LVS had died. The remaining mice were humanely euthanized. Urine cultures obtained throughout the postchallenge time period were negative before the development of clinical symptoms. Once the mice were moribund, greater than 10 5 CFU/ml of bacteria were recovered from the urine of mice challenged with TI0902, whereas urine cultured from mice challenged with LVS had less than 5 ϫ 10 3 CFU/ml. However, all bacteria cultured were identified as enteric flora and therefore may only have been present as contaminants. Francisella tularensis (lanes 2 and 3) or Triton X-100 (lanes 4 and 5). Sample preparations of 40 g each from strain LVS (lanes 2 and 4) and TI0902 (lanes 3 and 5) were separated by SDS-PAGE and stained with Coomassie blue. Molecular size markers are in lanes 1 and 6. Although the profiles are similar, there is a slight increase in molecular size of proteins of about 37 kD from the sodium sarcosine extraction and of about 105 and 58 kD from the Triton X-100 extraction. However, there were more differences in the protein profile due to the method of extraction than between types A and B. may not have been identified from the urine of any challenged mice due to overgrowth of enteric bacteria.
Discussion
Francisella tularensis has been isolated from animals in all states in the United States except Hawaii, and from 44 states in the past 13 years. 10 Although wildlife are the predominant reservoir for F. tularensis, the incidence of infection in these animals is not well known. Occasionally, F. tularensis may infect domestic animals or humans, most often by tick bite, animal handling, or consumption. A serological survey of rural dogs and cats living in the vicinity of national parks in southwestern Canada indicated an overall prevalence rate for F. tularensis exposure of 0.089 for these animals. 18 Sheep and cats are reportedly the most common domestic species infected by F. tularensis, presumably through tick bite or predation. 13 There are several reports of feline tularemia reported in the literature. 2, 6, 27 Symptoms are similar to typhoidal or gastrointestinal tularemia in humans and include anorexia, vomiting, dehydration, lymphadenopathy, and hepatosplenomegaly. Lesions, including foci of necrosis, may occur in the lymph nodes, spleen, liver, and lungs, whereas segmental or diffuse enterocolitis has been described as occurring in the small and large intestines. 2 Transmission of tularemia from cats to humans has been documented, 1, 5, 6, 19, 21, 26 and an association between exposure to F. tularensis and cat ownership has also been determined. 11 In this report the isolation and characterization of a strain of F. tularensis subspecies tularensis isolated from a domestic cat in central Virginia is described. It is not known how the cat became infected, but it is possible that it may have been bitten by an infected tick or had eaten an infected animal. Although lesions were noted in multiple organ systems, the most severe lesions were in the lungs and regional lymph nodes, and the lungs were the only organ from which F. tularensis was isolated. There- fore, it is possible that this cat may have inhaled the bacterium while feeding on an infected animal.
Media containing cysteine are required for growth of F. tularensis subspecies tularensis and holarctica but not novicida. 13, 24 Faint growth of isolate TI0902 did occur on unsupplemented blood agar inoculated from the infected tissue, though not on subculture. This limited initial growth was most likely due to nutritional supplementation from the plated tissue sample. Therefore, type A or type B F. tularensis should not be ruled out if faint growth occurs on the original tissue-inoculated media. Phenotypically, strain TI0902 was very similar to LVS. Antibodies to whole cells could not differentiate the two, although it is possible that antibodies to specific components may be subspecies specific. Although the proteins identified in protein-enriched outer membranes were similar, they were not identical in molecular size. Therefore, further investigation of the outer membrane proteins is warranted. As expected from previous reports, 8 the LPS of both strains appeared identical by Western blotting. It is not clear why the low-molecular size LPS bands were poorly visible in the blots, unless they did not transfer well to the paper. The most rapid way to differentiate the 2 subspecies was by REP-PCR. 16 Although sequencing of the 16S rRNA gene identified the isolate as F. tularensis, the similarity score to LVS was as high as to the type A strain Schu4. Although REP-PCR may not differentiate subspecies tularensis from subspecies novicida, 16 the inability of the isolate to grow on blood agar would indicate the isolation of subspecies novicida to be unlikely. Subspecies mediaasiatica are unlikely to be isolated from infected animals in North America. Glycerol use can also be used to differentiate between subspecies A and B 24 but was more time-consuming. In the Biolog system, other substrates also differentiated strain TI0902 from the LVS. However, the metabolic profile of additional isolates will need to be tested to confirm that these were not strain-specific properties.
Both strains TI0902 and the LVS were virulent for BALB/c mice at a dose of about 100 CFU. However, morbidity and death occurred more rapidly and with fewer organisms with strain TI0902 than with LVS, demonstrating the greater virulence of the type A strain. Francisella tularensis was not recovered from the urine of any challenged mice, although shedding of F. tularensis in the urine of voles has been documented. 4 Because of their greater virulence, 24 additional investigation of type A strains is warranted for the development of improved diagnostic tests, vaccines, and pharmaceuticals to prevent and control the occurrence of tularemia.
Addendum
During review of this manuscript, Gil et al. reported the identification of pili on F. tularensis strain LVS (Gil H, Bencach JL, Thanassi DG: 2004, Presence of pili on the surface of F. tularensis, Infect Immun 72: 3042-3047). Some of the structures described by Gil et al. look very similar to the strand-like material shown in Fig. 4 , indicating these appendages may be pili.
